In this paper, method of current images is used to calculate magnetic field of a rectangular loop in presence of high-permeability material. We provide closed form description for the images of the current loop placed between two semi-infinite blocks of high-permeability material, in the cases when the plane of the loop is parallel or perpendicular to the surfaces of blocks. A case study of using the method of images to calculate magnetic field of rectangular loop inside cube made of high-permeability material is also provided.
Introduction
Method of images was first introduced in nineteenth century by Lord Kelvin in the course of solving electrostatic problems [1] . Lord Kelvin was followed by Maxwell, who enlarged the application of the method to a list of problems concerning combinations of equipotential spheres and planes in presence of electric charges [2, 3] . The application of the method of images is later extended to numerous problems in magnetostatics (see e.g. [3] ).
Using the method of current images, Roshen investigated effects of semiinfinite magnetic substrate on planar inductors [4] and effects of magnetic substrate of finite thickness on planar inductors [5] . He also studied planar inductors sandwiched between two semi-infinite magnetic substrates [6] .
For bio-magnetic experiments in in vitro studies, concerning effects of extremely low frequency magnetic field on biological material, a high-precision exposure system is needed (see e.g. [7, 8] ). The exposure systems are usually based on systems of coaxial coils placed in a box of high-conductivity and/or high-permeability material (see e.g. [7] ). The box represents either commercial incubator or high-permeability enclosure for shielding background magnetic field. The system of the coils should be designed to generate linearly polarized magnetic field of high uniformity in specified volume. In order to calculate magnetic field inside the coils the effects of the box must be included. In [7] the effects of  -metal enclosure on magnetic field are modelled using 26 closest images.
Although the method of current images has a long history, it is still developing for the problems that include AC currents and boundaries of complex shapes [9] .
In Section 2 we provide brief overview of the current images for a rectangular loop with sides parallel and/or perpendicular to the surface of a semi-infinite block of high-permeability material. The current images of the rectangular loop sandwiched between two semi-infinite high-permeability blocks, in the cases when i) the plane of the loop is parallel to the surfaces of blocks and ii) the plane of the loop is perpendicular to the surfaces of blocks are also considered, along with discussion of the number of images which is sufficient to approximate magnetic field in the air between blocks. A case study of the current loop in cube made of high-permeability material is provided in Section 3.
Current Images of Rectangular Loop
In this section we provide brief overview of the current images for the rectangular loop, in the cases when the plane of the loop is parallel or perpendicular to the surface of semi-infinite block of high-permeability material (Subsection 2.1). The current images of the rectangular loop sandwiched between two semi-infinite high-permeability blocks, in the cases when the plane of the loop is parallel (Subsection 2.2) or perpendicular (Subsection 2.3) to the surfaces of blocks are also provided. We also discuss the number of the current images which is sufficient to approximate magnetic field in the air (between two blocks).
Without loss of generality we can assume that sides of the rectangular loop are parallel to x  and y  axis and the center of the loop is at the origin, as shown in Fig. 1 . The application of the method of current images allows calculation of magnetic flux density vector in the air as there is homogeneous medium of permeability 0 .
 According to the method of images, magnetic flux density vector in the air (for m z z  ) can be calculated by introducing the image of the considered loop (see e.g. [4, 9] ). Let us denote parameter 1 . 1
The image of the loop is placed in the plane 2 m z z  and the current in the image loop is equal to I  in respect to the reference direction of the current in the original loop (see Fig. 2 ). In what follows we will assume that the reference directions of the current in the original loop and all image loops are the same. As in previous subsection, the method of current images can be used to model the influence of both high-permeability blocks on magnetic field (see e.g. [6] ). The images form an infinite series and we say that the images are of ( 1)st k  order when they are "images" of th k order images in respect to the planes The following proposition describes the images of th k order, 1, k  for the system presented in Fig. 4 . Proposition 1. For the system presented in Fig. 4 , there are two images of th k order, 1, k  both with current k I  and parallel to the original loop with centers on z  axis, placed in the planes
where u     denotes largest integer not greater than . u
Proof. Mathematical induction is used to prove Proposition 1. Both (2) and (3) obviously hold for 1. k  Let us assume that they also hold for some value of . k Then the images of ( 1) 
 and taking into account that
which prove that (2) and (3) hold. This completes the proof. As an illustration, Table 1 provides z  coordinates and currents of the image loops up to third order. 
where ( , , ) B x y z  denotes magnetic flux density vector generated by the rectangular loop shown in Fig. 1 to third order are provided in Table 2 . As it was mentioned earlier, the list of the images is infinite. In the following example we investigate the effect of using only finite number of the images. Let us consider configuration presented in Fig. 4 e as a function of K calculated at the center of the original loop (placed at the origin) is presented in Fig. 5c . According to Fig. 5 , for most applications, it is sufficient to use images up to fifth order to approximate magnetic field in the air (between blocks).
Plane of the loop perpendicular to the surfaces of two blocks of high-permeability material
In this subsection we assume that two semi-infinite high-permeability blocks occupy regions The following proposition describes the images for the configuration illustrated in Fig. 6 . 
Proof of Proposition 2 is analogous to the proof of Proposition 1, and it is omitted.
Taking into account the images up to th N order, the magnetic flux density vector at point ( , , ) P x y z in the air ( left right x x x   ) can be calculated as
where ( , , ) x y z B  denotes magnetic flux density vector generated by the rectangular loop shown in Fig. 1 . For expressions of the components of vector ( , , ) x y z B  see Appendix.
As an example, we consider configuration presented in (5)) as a function of N is presented in Fig. 7 . When surfaces of high-permeability blocks are perpendicular to the plane of the original loop, the currents in the image loops of consecutive orders have opposite signs and therefore their effects are partially canceled. As a consequence, the number of images needed to approximate magnetic field for the configuration in Fig. 6 is smaller than the number of images needed when the surfaces of blocks are parallel to the plane of the original loop (as in configuration presented in Fig. 4) . 
images of th l order. Coordinates of the centers of all 6 image loops of the first order are listed in Table 3 . Parameter D represents the distance between the center of the corresponding image loop and the origin (center of the original loop).
Table 3
Images of the first order for the loop inside the cube.
Coordinates of the center Image no.
List of all images of the second order consists of 18 images (numbered with 7-24) is presented in Table 4 . 
List of all 38 images of the third order is provided in Table 5 . 
Conclusion
In this paper, two cases of the application of the method of current images for calculation of magnetic field of the rectangular loop placed between two semi-infinite blocks of high-permeability material are considered; first when the plane of the loop is parallel to the surfaces of blocks and second when the plane of the loop is perpendicular to the surfaces of blocks. Good approximation for magnetic field between the blocks can be obtained by using ten images (images up to fifth order) in the first case and only four images in the second case (images up to second order). As a case study, the magnetic field of the rectangular loop placed inside the cube made of high-permeability material is also considered.
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Appendix
In this appendix, expressions for the components of the magnetic flux density vector of rectangular loop are provided.
For rectangular loop presented in Fig. 1 , with side dimensions 2a by 2 , b the components of the magnetic flux density vector in free space can be calculated by first considering magnetic vector potential at point with Cartesian coordinates ( , , ) x y z (see e.g. [10] ). The components of magnetic vector potential of the considered loop with current I at point ( , , ) P x y z can be expressed as: , , 
and
